A large Ce 3+ :LiCaAlF 6 (Ce:LiCAF) crystal of 15 mm diameter was grown successfully by the Czochralski method. Owing to its large size, the Ce:LiCAF crystal demonstrated a maximum output pulse energy from the Ce:LiCAF laser of 21 mJ at a wavelength of 290 nm with an absorbed pump energy of 54 mJ from the fourth harmonic of a Q-switched Nd:YAG laser operated at a 10-Hz repetition rate. Furthermore, the lasing threshold was a low 12 mJ, and the slope efficiency was 39%.
tor and a flat output coupler with 30% reflection for 290 nm and 75% transmission for 266 nm separated by 4 cm. The large Ce:LiCAF crystal grown by the method described above (18 mm in diameter, clear aperture 15 mm, length 10 mm) is doped with 1.2 mol% Ce 3+ ions. 7) There is no coating on the parallel end faces of the crystal that are perpendicular to the optical axis of the resonator. The fourth harmonic of a Qswitched Nd:YAG laser is used as the pumping source. To obtain a high-quality laser beam, we used the quasi-longitudinal pumping method. Because it is difficult to fabricate an end mirror with high reflection for 290 nm and high transmission * E-mail address: zliu@ims.ac.jp
The interest in direct-transition, tunable solid-state UV lasers has grown with the development of gain media based on the 4f-5d transitions of Ce 3+ ions. The Ce 3+ :LiCaAlF 6 (Ce:LiCAF) 1) and Ce 3+ :LiSrAlF 6 (Ce:LiSAF) 2) lasers have emerged as convenient, compact sources of tunable ultraviolet radiation in the spectral region from 281 to 315 nm. They are suitable for pumping in an all-solid-state approach using the fourth harmonic of Nd:YAG lasers. The progress made with the Ce:LiCAF and Ce:LiSAF materials offers numerous advantages with respect to all other traditional sources of tunable UV radiation. For example, a Ce:LiSAF laserbased lidar system has been used to simultaneously measure SO 2 and O 3 concentration profiles for environmental sensing.
3) An output energy of 14 mJ from a Ce:LiCAF laser has been reported. 4) We have demonstrated a short-pulse (1 ns) 5) and tunable 6) Ce:LiCAF master oscillator and power amplifier (MOPA) system. Due to the limited size of the available crystals, it was difficult to obtain a high energy output directly from a Ce:LiCAF laser. In this paper, we present the growth of large Ce:LiCAF crystals and high-energy pulse generation from a Ce:LiCAF laser operating at 290 nm wavelength at a 10-Hz repetition rate. The maximum output pulse energy is 21 mJ, and the slope efficiency reaches 39%.
Crystal growth was performed in a Czochralski system with automatic diameter control (ADC). A stoichiometric charge composed of commercially available high-purity (>99.99%) AlF 3 , CaF 2 and LiF was used as the starting material. In the first growth we used a Cr:LiCAF seed oriented along the a-axis. The charges were loaded in 40 × 40 mm 2 glassy carbon crucibles. The concentration of cerium in the starting material ranged from 1 to 2 mol%. In order to eliminate water and/or oxygen from the growth chamber, vacuum treatment was performed before the growth. After the vacuum treatment, the furnace was flushed with argon and the material was melted at 825
• C. The applied growth rate was 0.7 mm/h and the rotation rate was 13 rpm. To prevent severe cracking of the boules, the furnace was cooled at a rate of 25
• C/h. In this manner, a large Ce:LiCAF crystal of 15 mm diameter was grown successfully. Figure 1 shows a polished Ce:LiCAF wafer cut perpendicular to the growth axis. Grown crystals were free of cracks.
A schematic of the Ce:LiCAF laser resonator is shown in Fig. 2 . The laser resonator is established by a flat high reflec- to the available large Ce:LiCAF crystal, 21 mJ output energy was obtained with a high slope efficiency of 39% from the Ce:LiCAF laser pumped by the fourth harmonic of a Qswitched Nd:YAG laser. A much higher output can be expected by fully utilizing the crystal cross size while using a larger pumping source. This suggests that Ce:LiCAF is a promising material for high-energy ultraviolet pulse generation combined with a high-power, Q-switched Nd:YAG laser. The authors would like to express their gratitude to S. Ono at the Institute for Molecular Science for helpful discussions. This research was partially supported by a Scientific Research Grant-in-Aid from the Ministry of Education, Science, Sports, and Culture of Japan and the Sasakawa Scientific Research Grant from The Japan Science Society. Jpn for 266 nm pump beams while maintaining a high damage threshold, we chose to pump the Ce:LiCAF crystal from the output-coupler side that has almost the same transmission for the pump and output wavelengths. For obtaining high energy output without damage to the crystal and optics in the cavity, a large pump beam cross section is necessary. The horizontally polarized pump beam is focused with a 40-cm-focal-length lens to produce a 4-mm-diameter spot at the surface of the Ce:LiCAF crystal without any damage to the crystal. To reduce the diffraction effects and disturbance to the beam uniformity, it is better to choose a ratio of crystal radius to beam radius as 2 or greater. Therefore, a much larger crystal diameter than the pump beam diameter is preferred. More than 85% of the incident pump pulse energy is absorbed by the crystal, so the crystal is long enough for practical use. Figure 3 presents the obtained output energies at 290 nm as a function of the absorbed 266 nm pump energy. The laser oscillation threshold is 12 mJ, which corresponds to a threshold fluence of approximately 100 mJ/cm 2 . The measured output energy remained linear with pump fluence with a slope efficiency of 39%. The efficiency can be improved by using a Brewster-cut crystal wih antireflective coating. A pulse energy as high as 21 mJ at 10 Hz and 290 nm, is the highest output energy reported from a Ce:LiCAF oscillator, to our knowledge. The satellite-free single pulse with 3 ns duration was detected by a biplanar phototube as shown in Fig. 4 .
In summary, large Ce:LiCAF crystals with 15 mm diameter were successfully grown by the Czochralski method. Due
